The offset of the warming influence of long-lived greenhouse gases by the cooling from short-lived atmospheric aerosols is highly uncertain.
Introduction
Global mean surface air temperature (GMST), a key measure of climate change, has increased by slightly over 1˚C over the period of instrumental measurements extending back to 1850, an increase that is generally and confidently attributed, for example by the Fifth Assessment Report, AR5, of the Intergovernmental Panel on Climate Change, IPCC , mainly to influences by incremental greenhouse gases, principally carbon dioxide. However in addition to this observed, or realized, increase in GMST there may be additional, unrealized increases in GMST due to prior emissions that would increase the anthropogenic impact on temperature beyond the increase already realized if further emissions were halted. Such unrealized temperature increase may result from two causes.
First, global temperature may lag increasing forcing because of thermal inertia of the climate system. As quantified herein, this effect is rather small. A much more important contribution would arise from the reduction of sources of atmospheric aerosols that are introduced into the atmosphere along with CO 2 mainly as a consequence of fossil fuel combustion. These aerosols exert a negative (cooling) forcing on climate by scattering shortwave (solar) radiation and by enhancing the reflectivity and persistence of clouds. If emissions were substantially reduced to limit CO 2 -induced increase in global temperature, the concomitant reduction in sources of atmospheric aerosols would result in an increase in net forcing and global temperature. As the aerosols are short lived in the atmosphere (days to weeks), this increase in forcing would be manifested virtually immediately upon reduction in emissions.
In contrast, because of its long atmospheric residence time, CO 2 would continue to exert a positive forcing for decades to centuries. These two types of unrealized warming are examined here.
The approach taken here to quantify the unrealized increase in GMST is examination of the change in GMST that would occur in response to a hypothetical abrupt zeroing of sources of CO 2 and/or associated aerosol particles, denoted the "zero emissions commitment" (Collins et al., 2013, §12.5) . Previous work has focused mainly on the effects of reduction or cessation of CO 2 emissions, the consensus being that GMST would remain essentially constant subsequent even to abrupt cessation of anthropogenic CO 2 emissions. A few studies have examined the effect of the abrupt increase in net forcing upon cessation of negative aerosol forcing (Brasseur and Roeckner, 2005; Hare and Meinshausen, 2006; Armour and Roe, 2011; Knutti and Plattner, 2012, Mauritsen and Pincus, 2017) . While acknowledging a possible temporary increase in temperature due to abrupt reduction of the short-lived aerosols, the AR5 concludes that this increase would be slight and short-lived, followed by slow if any decrease in GMST (Collins et al., 2013, §12.5) . Although increase in GMST that would result from cessation of aerosol forcing would depend strongly on present aerosol forcing and on Earth's climate sensitivity, the change in global temperature per forcing, there has been little systematic examination of the implications of present uncertainties in these quantities.
Uncertainty in the rate of decrease of atmospheric CO 2 , subsequent to cessation of emissions also contributes to the resultant evolution of global temperature. It is the range of consequences of these combined uncertainties that is the focus of the present study.
It should be underscored that the abrupt cessation of emissions, the consequences of which are examined here, is not a realistic scenario in view of the strong reliance on fossil fuels in supplying global energy needs. In that respect the present study must be distinguished from analyses (e.g. Rogelj et al., 2013) that examine practical means of reducing carbon emissions taking into account constraints from energy-environment-economy-engineering sectors.
The possibility that negative forcing by short-lived aerosols has offset a more or less constant fraction of positive forcing by long-lived CO 2 over the Anthropocene is a consequence of the roughly exponential increase in source strengths of both forcing agents (Schwartz, 1993) . The possibility that aerosol forcing has temporarily staved off the full warming influence of incremental CO 2 has been characterized by Hansen and Lacis (1990) as a "Faustian Bargain," the consequences of which would inevitably become manifest once emissions from fossil fuel combustion were halted. Similarly Andreae et al. (2005) have observed that the price that has been paid for the climate protection by aerosols is great uncertainty about the true magnitude of future climate change, adding that because the relative forcings by greenhouse gases and aerosols can be expected to change in the future, past changes in climate are a weak constraint on climate response to future changes in emissions. The hypothetical abrupt zeroing of sources of CO 2 and aerosols examined here is an extreme example of such a change in the mix of forcings, as forcing by aerosols would decrease almost immediately whereas forcing by CO 2 would persist for some time.
An initial scoping of the increase in GMST due to cessation of negative aerosol forcing can be achieved by considering the magnitudes of present aerosol forcing and Earth's climate sensitivity. As both quantities are highly uncertain, such a scoping is undertaken for the range of these quantities that is consistent with present understanding; here the range of these quantities given by AR5 is employed. Specifically the range given by AR5 for equilibrium climate sensitivity ECS (ultimate change in GMST in response to sustained forcing by doubled CO 2 ) was 1.5 to 4.5 K, with 66% confidence that the actual value is within that range (Stocker et al., 2013, §TFE.6 ), a range that is supported by a more recent extensive survey (Knutti et al., 2017) . Evaluating the change in GMST that would result from a given forcing change as the product of the change in forcing times a sensitivity requires the ECS to be divided by the forcing for doubled CO 2 , F 2 to obtain a quantity denoted here the equilibrium climate sensitivity parameter, S eq = ECS/F 2 ; the several measures of climate sensitivity are defined and related in Appendix A. For the commonly taken value of F 2 = 3.7 W m -2 (Myhre et al, 1998; (Myhre et al., 2013) . Because of observational constraint afforded by the observed increase in GMST over the Anthropocene, the magnitudes of climate sensitivity and aerosol forcing are rather tightly coupled, a large aerosol forcing requiring a high climate sensitivity, and conversely a small aerosol forcing requiring a low climate sensitivity (Gregory et al., 2002; Schwartz et al., 2007 Schwartz et al., , 2014 Kiehl, 2007) .
For specified values of S eq and present aerosol forcing F aer 0 a first estimate of the long-term change in temperature that would result from cessation of this forcing would be given by
the negative of a negative forcing resulting in an increase in GMST. The combined uncertainty range in the two quantities yields a range of increase in GMST of 0.04 to 2.3 K above the value at the time of cessation of sources of aerosols, that is, ranging from negligible to more than double the measured increase of GMST of 1.08 K from the reference period 1850-1900 to the present (Morice et al, 2012, as extended) . The question thus arises as to what extent this estimate can be refined.
The calculational approach employed here is use of an analytical two-compartment model (Schneider and Thompson, 1981) that has been shown to accurately represent the temporal response of global temperature to forcing change exhibited by much more complex models (Gregory, 2000; Held et al., 2010; Geoffroy et al., 2013) . Specifically the two compartments are an atmosphere-upper-ocean compartment with a short time constant and a deep-ocean compartment with a much greater time constant. The principal sources of uncertainty associated with the use of such a model are the climate sensitivities, which must be explicitly input into the model.
In the calculations presented here all anthropogenic sources of CO 2 and/or atmospheric aerosols, that is, from fossil fuel combustion, cement production, and land use change, are abruptly set to zero. Abundances of greenhouse gases other than CO 2 are held constant, importantly methane (inadvertent methane emissions associated with extraction and transmission of natural gas) and ozone (atmospheric formation from nitrogen oxide emissions) the forcing from which would decrease more rapidly than that of CO 2 but which forcings in the aggregate are substantially less than that of CO 2 . The spirit of calculations presented here is to examine the expected global temperature response to an abrupt zeroing of emissions within the range of present understanding of climate sensitivity and forcing over the industrial period as informed by observations and assessments, importantly the IPCC Fifth Assessment Report.
The paper first briefly describes the two-compartment energy balance model. Next estimates of historical radiative forcing of Earth's climate are examined for the range of forcing by anthropogenic aerosols corresponding to present uncertainty in this forcing. These forcing estimates are compared to the observed record of temperature change over the instrumental record to infer a range of climate sensitivities that corresponds to the range of forcing estimates. Next, present estimates of the rate of decrease of atmospheric CO 2 that would occur in the absence of emissions are compared to infer a range of the adjustment time of excess CO 2 . These quantities are used to evaluate, within the range of current understanding, the response of GMST to the change in atmospheric composition and radiative forcing that would result from abruptly halting sources of CO 2 and/or associated aerosols, and the implications are examined. The relations between the several commonly employed measures of climate sensitivity are presented in Appendix A.
Calculational approach
The calculational approach taken here is use of a simple, transparent, two-compartment model that represents the time dependence of global temperature in response to prior globalmean forcings (Schneider and Thompson, 1981; Gregory, 2000; Boucher et al., 2009; Held et al., 2010; Schwartz, 2012a; Geoffroy et al., 2013; Mauritsen and Pincus, 2017; Millar et al., 2017) . The two compartments represented by the model are an upper compartment comprised of the atmosphere and the upper ocean and a lower, deep-ocean compartment. Change in heat content of the upper compartment results from absorption of solar radiation, emission of longwave radiation to space, and transfer of heat to the deep-ocean compartment; the deepocean compartment exchanges heat with the upper compartment in proportion to the temperature differences of the two compartments. The equations governing the rate of change in the heat content of the upper and lower compartments in response to a radiative forcing F applied to the upper compartment are
where T and C denote the temperature change and heat capacity of the upper U and lower L compartments, respectively, , denotes the radiative response coefficient at the top of the atmosphere, and  denotes the heat transfer coefficient between the two compartments. Both  and  are key properties of Earth's climate system. The two compartments are characterized by greatly differing heat capacities and resultant response times. The two time constants, which correspond to the eigenvalues of the system are 
with the short time constant  s 5 to 10 years, and the long time constant  l about 500 years.
This model accurately reproduces time-dependent GMST as calculated with state-of-the-art large-scale climate models (Held et al., 2010; Geoffroy et al., 2013) , or as observed (Schwartz, 2012a; Millar et al., 2017; Mauritsen and Pincus, 2017) .
At times very long, relative to  l , subsequent to imposition of a sustained forcing such that the entire system consisting of both compartments reaches a new steady state, © 2018 American Geophysical Union. All rights reserved.
Here the integration is taken from a time t init at which the system is considered to be at an initial steady state, for example the preindustrial climate. For the linear system (Eq. 2) each of the two impulse response functions is a sum of two exponentials corresponding to the eigenvalues of the system (Schwartz, 2012a) . For the upper compartment, pertinent to Earth's surface temperature,
Here the first term represents the approach to quasi steady state on the time scale of the short time constant and the second term represents the approach to the ultimate new steady state on the time scale of the long time constant. The quantities required for the impulse response function are the equilibrium and transient sensitivity parameters and the two time constants.
The two sensitivity parameters are closely related to the commonly reported transient climate response TCR and equilibrium climate sensitivity ECS that refer, respectively, to the temperature increase at time of CO 2 doubling (typically for CO 2 increasing at 1% yr -1 ) or at the time when the system reaches a new steady state in response to sustained forcing of doubled CO 2 , F 2 (Appendix A). Substitution of Eq 5 into Eq 4 yields the change in temperature of the upper compartment as the convolution, T
which can be evaluated for historical and/or hypothetical future forcings. This approach, here with an analytical IRF, is similar to that taken by Hansen et al. (2011) and Good et al. (2011) using temperature response to a step-function forcing determined with a large-scale climate model.
Historical forcing
Time series of estimated historical forcing and of measured changes in GMST are required for determining climate sensitivity. Historical forcing as a function of time (1750-2011) is taken from the IPCC AR5 Assessment (Myhre et al., 2013, Figure 8.18) , as tabulated for use as input in climate model intercomparisons (Prather et al., 2013 (1.13 to 3.33 W m -2 , 5-95% range) of Myhre et al. (2013) . However the tabulated time series (Prather et al., 2013) does not provide the associated uncertainties, the greatest of which by far is the uncertainty in forcing by anthropogenic aerosols (Myhre et al., 2013) . The best estimate of aerosol forcing in year 2011, Figure 8 .18 of Myhre et al. (2013) , is -0.90 W m -2 , with 5-95% uncertainty range -0.09 to -1.88 W m -2 . This year-2011 uncertainty estimate was used to infer the uncertainty range for the historical anthropogenic aerosol forcing under the assumption of constant fractional uncertainty in aerosol forcing; that is, that the uncertainty range in a given year scales with the forcing in that year in the same proportion as the uncertainty range of the year-2011 forcing to the year-2011 forcing, as described in SI §S1.
The three time series are shown on the right-hand axes of the three panels in Figure 1 over the time period 1850-2011 used in the analysis here and in Figure S1 over the entire time period for which forcing estimates are available, 1750-2011. Here and throughout the paper the colors red, green, and blue denote respectively the high-magnitude, best, and low-magnitude estimates of anthropogenic aerosol forcing; as the aerosol forcing is negative, the highmagnitude aerosol forcing corresponds to a low total forcing, and vice versa. Attention is called first to the increase in forcing subsequent to 1900 seen in all three time series, which is due to increasing amounts of anthropogenic climate forcing agents (principally greenhouse gases and aerosols). Attention is called also to the intermittent large negative spikes due to impulsive volcanic eruptions that inject sulfur dioxide into the stratosphere, where the resultant sulfate aerosol exerts a large negative forcing that decays on a time scale of two years or so as that aerosol is removed from the atmosphere. These negative spikes induce a short-duration decrease in GMST, but have minimal effect on the long-term record. These forcing time series form the basis of the examination of response of GMST to the bestestimate and uncertainty range of historical forcing.
The relation between forcing, temperature change, and inferred transient climate sensitivity
The premise of the forcing-response paradigm of changes in Earth's climate system being induced by changes in atmospheric composition (or other forcings) is that change in GMST would be proportional to imposed forcing with only slight lag (quantified in SI §S3). Hence a robust estimate of the transient climate sensitivity parameter S tr can be obtained (e.g., Gregory and Forster, 2008) In contrast, the response of GMST to the short duration (~2 year) forcings by impulsive volcanic eruptions is quite muted. This sort of temperature response is consistent with a time constant for climate system response that is short enough to reflect the longer-term trend but long enough to damp response to the short-duration volcanic forcings. The fact that for each of the forcing time series the pattern of forcing conforms rather closely with the observed increase in GMST (within the adjustable scaling of the ordinate scales) demonstrates that the proportionality of the forcing and response does not constrain either the forcing or the transient sensitivity, and that by extension any forcing time series between, or perhaps even beyond, the high and low limits would conform just as well.
A quantity denoted the uncorrected transient climate sensitivity parameter S tr,u , the ratio of the increase in temperature over the time period of the measurements to the forcing over that period, can be read off the graph for each of the forcing time series as the temperature increase corresponding to a forcing of 1 W m -2 , yielding S tr,u equal to 0.50, 0.33, and 0.26 K/(W m -2 ) for the high-magnitude, best-estimate and low-magnitude anthropogenic aerosol forcings, respectively. As discussed in Appendix A, because of lag between GMST and forcing due to the short time constant  s , the observed increase in GMST T(t) is slightly less than the increase in GMST that would represent the quasi steady increase in T(t) for forcing at time t, F(t) if the short time constant were zero, and hence the uncorrected transient sensitivity is slightly less than the actual transient sensitivity. The unrealized increase in temperature T u due to the lag of response to a linearly increasing forcing is the amount by which the temperature would increase in a time equal to the short time constant of the system,
from which, the transient sensitivity parameter can be inferred from the uncorrected transient sensitivity parameter (Appendix A, Eq. A14) as
The values of the several quantities required to determine S tr for a given forcing time series are presented in Table 1 ; values of dF tot /dt were determined as averages over the final decade of each of the three forcing time series. The unrealized increase in GMST, the increase in although to good approximation the transient sensitivity parameter might be inferred simply from the ratio of the increase in GMST to the forcing over the Anthropocene.
The equilibrium climate sensitivity parameter S eq may be calculated from the transient sensitivity parameter S tr from knowledge of the heat transfer coefficient between the upper and lower compartments,  in Eq (2) and Appendix A, with the resulting values also presented in Table 1 . The conventionally reported equilibrium climate sensitivity ECS is evaluated as F 2 S eq where F 2 is the forcing for doubled CO 2 , commonly taken as 3.7 W m -2 (Myhre et al., 1998) .
The values of the transient sensitivity parameters for the three cases are also shown in Figure   2a , here as a function of the present (2011) forcing for the three forcing time series. Also shown in the figure is the inverse proportionality of S tr,u and year-2011 forcing,
represented by a slope of -1 on the double logarithmic plot. This relation results from recognition (Kiehl, 2007) , of the constraint between transient sensitivity and forcing that is imposed by the observed increase in GMST. The several values of S tr,u conform closely to the inverse relation; the several values of S tr are somewhat greater, conforming to an inverse power law with exponent -1.21 (i.e., slope of -1.21 on the double logarithmic plot), the increase attributed to the unrealized increase in GMST due to the system not being in quasi steady state that is not manifested in the observed T, and the increase in slope indicative of greater departure from quasi steady state at greater S tr .
The relations between the two measures of climate sensitivity and aerosol forcing are examined in Figure 2b , which shows the correlation between either of the two sensitivity parameters and aerosol forcing magnitude, a low-magnitude aerosol forcing requiring a low climate sensitivity to be consistent with the observed increase in GMST, and vice versa (Schwartz et al., 2007; Kiehl, 2007) . Importantly for the present analysis the tight relation between climate sensitivity and aerosol forcing magnitude reduces the dimensionality of the uncertainty space required to examine response of GMST to forcing that would result from cessation of emissions. The analysis that follows uses the several pairs of values of aerosol forcing magnitude and the corresponding transient climate sensitivity parameter to examine the dependence of forcing and global mean temperature response following hypothetical abrupt cessation of emissions from fossil fuel combustion.
Knowledge of the values of transient climate sensitivity for each of the forcing profiles permits refinement of the initial assessment of the consequences of an abrupt cessation of sources aerosols from fossil fuel combustion for each of the forcing-sensitivity pairs. For this assessment the assumption is again made that following the abrupt cessation of emissions, the negative aerosol forcing at the time of cessation F aer 0 would go to zero immediately but that other forcings, being due to long-lived species, would remain at their pre-cessation values and further that the climate system would respond instantaneously to the change in forcing.
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The resultant increase in GMST is calculated by Eq (1) but with the S tr in lieu of the S eq . The values of T inst,aer  S tr F aer 0 , Table 1 and Figure 2b , represent, for each of the cases, approximate upper bounds on the temperature increase that would result from immediate cessation of anthropogenic sources of CO 2 and aerosols. These are approximate upper bounds, as T inst,aer is not diminished by lag in climate system response or by the decrease in forcing by CO 2 that would occur over the period during which the climate system would be responding to the step-function forcing and because they do not include unrealized warming from forcing prior to cessation of emissions. The time-dependent response of the climate system that accounts for these factors is examined below.
For the high, best, and low estimates of aerosol forcing magnitude, together with corresponding inferred values of S tr , the approximate upper-bound increase in GMST above that at the time at which sources of aerosols are halted, T inst,aer , is 0.02, 0.32 and 1.04 K, respectively. These increases in GMST, although much refined from, and substantially lower than, the estimates obtained above using the AR5 range of equilibrium sensitivity, still range from negligible to quite substantial. This refined assessment thus continues to support the potential importance both of the consequence of cessation of aerosol forcing and of the implications of uncertainty in that forcing on the increase in GMST that would follow such cessation. Importantly, the positive correlation of aerosol forcing with climate sensitivity results in amplification of the relative uncertainty in T inst,aer compared to that in either of the two contributing factors, S tr and F aer 0 , Figure 2b . Although the range between the end members of the aerosol forcing is a factor of 20, the corresponding range in transient climate sensitivity is only a factor of 2. In contrast the range in T inst,aer is a factor of 40.
Determination of S tr permits examination of the fidelity with which the two-compartment model reproduces the historical temperature profiles. For this examination the convolution of forcing with IRF (Eq 4) was evaluated with the IRF of Eq 5 (and shown in SI §S2, Figure S2) for each of the three estimates of the historical forcing data sets shown in Figure 1 using the respective transient and equilibrium sensitivity parameters; the time constants of the upper and lower compartments were taken as 7.5 and 500 yr. The resultant profiles for GMST for each of the several estimates of forcing shown in by the brown curves in Figure 1 agree rather closely with the observations, exhibiting a smoothing relative to the underlying forcing data that is similar to that of the observed temperature data, although there is additional highfrequency variation in the observations (presumably due to unforced variability) that is not captured in the convolutions. The agreement with the observed record of GMST for temperature profile calculated with any of the of the three forcing estimates is comparable to if not better than that of time series of GMST calculated by GCMs participating in the Coupled Model Intercomparison Project Phase 5 (CMIP5) as examined in AR5 (Flato et al., 2013 ; SI §S2, Figure S3) . A further observation here that the convolutions closely match the entire observed temperature profile, not just the change between the end members. A similar such convolution, for a single set of transient and equilibrium sensitivity parameters is given by Mauritsen and Pincus (2017) .
Change in forcing subsequent to cessation of emissions associated with fossil fuel combustion
A more detailed examination of the change in GMST that would follow a hypothetical abrupt cessation of anthropogenic sources of CO 2 and aerosols requires consideration of the time dependent response GMST to the change in forcing, which depends on both the time dependence of the forcing subsequent to cessation and the time dependence of climate system response. The time dependence of the forcing depends on the change in atmospheric abundances of CO 2 and aerosols that would occur subsequent to cessation. The aggregate change in forcing is taken as the algebraic sum of the changes in the two forcings, i.e.,
where t denotes time subsequent to cessation of emissions, and where the change in forcing due to cessation of aerosol sources is taken as instantaneous. Uncertainty in time-dependent forcing by decreasing CO 2 must be taken into account in addition to uncertainty in F aer 0 .
In contrast to the situation for aerosols, forcing by CO 2 would exhibit a time dependence, due decease in atmospheric CO 2 following cessation of emissions, that must be explicitly represented in calculating the resultant change in total forcing and in GMST. Although the forcing by an incremental amount of atmospheric CO 2 is rather well constrained by radiative transfer calculations (Myhre et al., 1998; Collins et al., 2006) , the rate of decrease in CO 2 that would follow an abrupt cessation of emissions is not well constrained. Figure 3 shows this rate of decrease as drawn from recent model studies. Here the quantity plotted is the fractional excess CO 2 mixing ratio above preindustrial (pi, taken as 278 parts per million, ppm) that would remain in the atmosphere following abrupt cessation of emissions,
where t denotes time subsequent to time of cessation t 0 . The studies whose results are shown in Figure 3 are an ensemble of opportunity, representing studies in which anthropogenic CO 2 emissions were abruptly halted at differing initial amount of atmospheric CO 2 , as indicated in The modeled decay profiles exhibit substantial diversity, with adjustment times ranging from as low as about 60 years to upwards of 500 years. Some of this diversity is understood, for example in the model of Matthews and Caldeira (2008) the lower decay rate for initial mixing ratio 2000 ppm than for 500 ppm, reflects among other things decreased solubility coefficient at the higher mixing ratio, and indeed there is a trend of more rapid decrease in excess CO 2 with lower initial mixing ratio for the entire set of profiles; such differences are seen also in other studies (e.g., Millar et al., 2017) . However much of the inter-model diversity would seem to be due to different representation of the controlling processes by the several modeling groups that is representative of the diversity of present understanding. The extremely low uptake rate in the calculations of Allen et al. (2009) is attributed to use of a diffusive ocean model. Several studies inferring the CO 2 adjustment time from analysis of present-day CO 2 budgets report adjustment times of 40-50 years, at the low end of the range found in the model studies (Jacobson, 2005; Schwartz, 2012b , Raupach, 2013 . In view of the diversity of time profiles for f x obtained in modeling studies, the approach taken here is to represent the fractional excess of CO 2 above preindustrial as exponentially decreasing for a range of adjustment times representative of the model results.
Knowledge of the time response of CO 2 mixing ratio following abrupt cessation of emissions permits calculation of the resulting time-dependent change in forcing required to calculate the resultant time-dependent change in surface temperature. For the calculations presented here the initial CO 2 mixing ratio is taken as that of 2011, 390.5 ppm, and the decrease in forcing from the initial forcing relative to the preindustrial mixing ratio, 1.82 W m -2 , is calculated for adjustment times 70, 200, and 500 years. In this calculation the forcing is approximated as linear in the decrease in CO 2 from its initial value, the linear expression closely approximating the commonly employed logarithmic expression (Myhre et al., 1998) (SI §7).
The resulting forcings calculated for the several CO 2 adjustment times, Figure 4a , all exhibit a decrease that commences as soon as CO 2 emissions are halted; the decrease differs substantially over the 100 year time frame examined for the several CO 2 adjustment times examined. This would be expected to have important consequences on the resulting change in GMST.
With respect to the effect of cessation of sources of both CO 2 and aerosols, the temporal profile of the total forcing change is calculated as the algebraic sum of the two forcings, Eq . If the aerosol forcing magnitude is small, the total forcing change over the entire period would be dominated by decrease of CO 2 , as in a, with aerosol forcing playing only a minor role relative to that of the decrease in CO 2 forcing. In contrast, for the best and highmagnitude estimates of aerosol forcing, the initial increase in forcing that would result from cessation of sources of aerosols is comparable to or dominant over the decrease in CO 2 forcing over the multi-decadal period under examination. The several temporal profiles of total forcing adduced in this way, which reflect present uncertainty in forcing by anthropogenic aerosols and the diversity of calculated rate of decrease of excess CO 2 , serve as input into calculation of the change in GMST following cessation of emissions.
Change in global temperature in response to cessation of emissions
The time dependence of change in GMST for future forcing held constant at year-2011 values or subsequent to cessation of anthropogenic sources of CO 2 and aerosols calculated by convolving the response function with the forcing, Eq (6), is shown in Figure 5 . Here the several curves correspond to the values of transient sensitivity S tr determined by the scale adjustment method and presented in Table 1 and to the forcings presented in Figure 2 and then plateau to a low slope characteristic of the quasi steady state, increasing only gradually until reaching the true steady state, on the time scale of several millennia. The temperature increase that would result if forcings were held constant at their present values is slight on the centennial time scale, although as shown by the markers at the right of panel a, the ultimate increase, reached on the millennial scale, could be substantial, ranging from 18 to 60% greater than that experienced thus far. If only CO 2 emissions were halted, GMST would initially increase slightly, as in the constant forcing situation, but would begin decrease within 10 to 20 years. The rate of this decrease would depend strongly on both S tr and  CO2 , (but only weakly on  s ; SI §8) with T over the first 100 years ranging from less than + 0.16 K to about -0.6 K. In contrast if only aerosol sources were abruptly zeroed, panel b, T would initially increase in response to cessation of aerosol forcing on a time scale of two decades. This rapid increase (the magnitude of which is close to that if response to the forcing were instantaneous, T inst,aer , Table 1), would be minimal if S tr and F aer 0 are near the low end of their ranges given in Table 1 , but could be double the increase in GMST experienced thus far if S tr and F aer 0 are near the high ends of their ranges. Subsequent to this initial jump in GMST the rate of increase would rapidly decrease, in quasi steady state as GMST approached the ultimate new steady state on the millennial scale. Finally, if sources of both CO 2 and aerosols were abruptly zeroed GMST would again initially increase rapidly, as in the aerosol-only case, but would then reach a maximum and subsequently decline.
Depending on  CO2 this peak would be reached within two or three decades (SI §S9), after which the rate of decline would again vary substantially within the ranges of S tr and  CO2 that are consistent with present understanding.
Discussion

Climate sensitivity and coupling to forcing
The relation between the transient sensitivity parameter characterizing Earth's climate system, S tr , and historical radiative forcing has been examined by scaling temporal profiles of GMST anomaly over the period of globally representative instrumental measurements and estimated forcing over this period. This procedure rests on the assumptions that change in GMST over this period is in near quasi steady state with the forcing over this period and, more intrinsically, that the covariaton of measured temperature anomaly and modeled forcing over this period is due to climate system response to the forcing, as opposed to other causes such as internal variability of the climate system. Although this causal relation, which is central to inference of climate sensitivity from observed temperature change, continues to be questioned, current thinking seems to support the approach, at least for longer periods of time for which the forced response is expected to be dominant. For example, Gregory et al. (2016) note that although sensitivity evaluated from a short period may not be applicable to forced climate change, minimizing the influence of variability by use of the entire observed historical record would be expected to yield a more reliable estimate of sensitivity. The use here of the entire temperature record (not just end members) to infer the transient sensitivity for the several forcing profiles would tend to minimize such effects. Also, an examination of this issue in climate model runs by Huber et al. (2014) found the effect of unforced variability to be greater in inference of equilibrium sensitivity than transient sensitivity, the quantity dominating climate system response to forcing on the time scale examined here and pertinent to climate change on the decadal to century time scale. Thus, although perhaps not considered "proved," the inference of transient climate sensitivity as the ratio of long-term temperature change to the forcing over the same period gains much support from climate model studies.
The approach taken here was to use profiles of total forcing that correspond to the best estimate forcing over this period as given in the Fifth Assessment Report of the IPCC (Collins et al., 2013) and to the high and low estimates of this forcing obtained by scaling the best estimate aerosol forcing profiles by the 5 and 95% confidence intervals for the year 2011 aerosol forcing. For each forcing profile an uncorrected transient sensitivity parameter was determined by scaling the forcing and the temperature anomaly profiles over the entire period for which temperature anomaly measurements and forcing estimates are available. This uncorrected sensitivity parameter was used, together with the time derivative of forcing, to calculate the unrealized increase in GMST, the difference between the observed increase in GMST and that which would obtain if GMST were in quasi steady state with the forcing at the end of the time series. The small magnitude of this unrealized temperature increase, 0.04 to 0.10 K, supports use of forcing and observed increase in GMST to obtain an accurate first approximation to transient sensitivity, the correction in S tr due to the unrealized temperature increase being only 4 to 9%. The close match between the time series of GMST anomaly reconstructed from a given time series for forcing using the impulse response function for the corresponding transient sensitivity and the observed time series of GMST anomaly supports the accuracy of the IRF approach, again within the limitation of highly uncertain transient sensitivity. A similar conclusion was reached by Held et al. (2010) in comparison of calculations with a single-compartment box model with output of GCM calculations, the investigators concluding that their "simple box model provides an impressive fit to the global mean temperature evolution of the GCM." As the IRF employed here is based on a simple, transparent two-compartment model, the conformance of the reconstructed and observed GMST anomaly profiles supports the utility of the IRF approach for calculating the response of GMST to prospective future forcings for any specified S tr .
The three estimates of S tr for forcing time series, based on the three aerosol forcing profiles, show once again, Figure 2a , the inverse relation between forcing and climate sensitivity that is imposed by the observed change in GMST, a constraint that has become increasingly recognized since it was pointed out by Kiehl (2007) . Reconstructing the observed time series of GMST with any of the several sensitivity-forcing pairs is a demonstration of equifinality, that is, obtaining the same result with disparate inputs. Consequently it must be underscored once again that neither the climate sensitivity nor the forcing can be constrained by the observed increase in GMST and that other constraints must be adduced to narrow the uncertainty ranges in both quantities. In the absence of such constraints any examination of the changes in GMST that would result from prospective changes in emissions or atmospheric amounts of forcing substances must be carried out for a mutually consistent set of sensitivity parameters and present forcing, over the plausible ranges of these quantities; the strong coupling between aerosol forcing and climate sensitivity makes this assessment a function of one or the other quantity.
Values of TCS given in Table 1 , 1.01, 1.30, and 2.02 K/2 for the low, best-estimate, and high values of aerosol forcing are well within the range of values summarized by Knutti et al. (2017) obtained from some 50 studies and assessments, but are somewhat on the low side of the likely range given by AR5, 1.0 to 2.5 K/2, consistent with the generalization by Knutti et al. (2017) that observationally determined values of sensitivity tend to be somewhat lower than those determined by climate models. The corresponding values of ECS 1.2 to 3.2 K/2 are likewise somewhat lower than AR5 estimates of this quantity. As the aerosol forcing for the low-magnitude aerosol-forcing case is close to zero, (-0.09 W m -2 in 2011), the ECS for this case, 1.2 K/2, is a robust estimate for a lower bound to ECS; this value is well less than the lower end of the 17-83% confidence range for this quantity given in AR5, 1.5 K/2, although greater than the lower bound to the 5-95% confidence interval, 1 K. The ECS corresponding to the high aerosol forcing case (-1.88 W m -2 in 2011), 3.2 K/2, is likewise well less than the upper end of the AR5 sensitivity range, 4.5 K/2. However this result is not so robust as the low sensitivity result because of the possibility that aerosol forcing magnitude could exceed the 1.88 W m -2 that is the upper bound to the magnitude of this forcing given in AR5.
Change in GMST for constant forcing commitment
Because of the rapid response of the upper compartment of the climate system, if forcing were held constant, GMST would rapidly reach a quasi steady state with the forcing, and on the centennial time scale would appear to be constant, increasing between year 20 and year 100 by only 0.03 to 0.07 K, for low and high sensitivity, respectively. The range of the ultimate increase in GMST, reached on the millennial time scale, would likewise be rather small, 0.2-0.6 K. These results are further manifestations of equifinality.
Change in forcing following abrupt cessation of CO 2 emissions
The fractional rate of decrease of atmospheric CO 2 following abrupt cessation of emissions in recent published studies or calculated from recently published impulse response functions was found to exhibit an astonishingly large range, with adjustment time for excess CO 2  CO2 in the initial decades subsequent to cessation of emissions ranging from about 70 to 500 years or more, Figure 3 . Within this range the forcing of excess CO 2 might decrease over 100 years by as much as 1.4 W m -2 (75% of the initial forcing) for  CO2 = 70 years, or by as little as 0.33 W m -2 , (18%) for  CO2 = 500 years, Figure 4 . These differences have major consequences on the forcing by CO 2 and the resulting change in GMST that would be induced by the abrupt cessation of emissions examined here or by any prospective reduction of emissions, the implications of which extend well beyond the present study.
Changes in GMST following abrupt cessation of sources of CO 2 and/or aerosols
The analysis presented here examined specific, precisely posed questions, namely the change in GMST that would result from hypothetical abrupt zeroing of anthropogenic sources of carbon dioxide and/or aerosols and on the consequences of present uncertainties in controlling variables on that change. Within the premise of the calculations it was found that despite the ability of the observed time series of GMST to be closely matched by suitable pairs of aerosol forcing and sensitivity throughout the ranges of current understanding, the range of putative changes in GMST that would result from cessation of emissions is quite large.
For cessation of CO 2 emissions only, the two key issues are the rate of decrease in CO 2 mixing ratio and forcing (Figures 3 and 4) , and the climate sensitivity. The decrease in GMST in response to the decrease in forcing, would compete with the unrealized temperature increase due to forcings prior to cessation, as shown in Figure 5a . The resultant change, the algebraic sum of the two effects, would range from a slight increase, about 0.1 K over the first 100 years, to a decrease of up to 0.6 K, the difference depending on  CO2 and S tr . For high S tr and short  CO2 the decrease in GMST subsequent to abrupt zeroing of CO 2 emissions would be much greater than that reported in recent studies, which have found that GMST would remain essentially constant. Summarizing several such studies Collins et al. (2013) state in AR5 that "results from a variety of models ... show that abruptly setting CO 2 emissions to zero (keeping other forcings constant if accounted for) results in approximately constant global temperature for several centuries onward," concluding that setting all emissions to zero would, after a short warming, lead to a near stabilization of GMST for multiple centuries. Likewise Zickfeld et al. (2017) summarize recent studies by many different groups as having shown that "atmospheric warming due to anthropogenic CO 2 emissions is expected to remain nearly constant for more than a millennium, even if manmade emissions were to stop entirely, so that this climate change is essentially irreversible on human time scales." It thus seems that the widely held perception of little or no decrease in GMST in response to zeroing CO 2 emissions is a consequence of the limited range of climate sensitivity and decay rate of excess CO 2 considered. The spread in results found here, within the range of S tr and  CO2 consistent with present understanding of these quantities, highlights the need to examine the consequences of zero-emissions scenarios, or more generally, any scenarios of future emissions, over the combined uncertainty ranges.
With respect to the situation, again hypothetical, in which anthropogenic sources of aerosols or of both aerosols and CO 2 are abruptly halted, it is found here that GMST would initially exhibit an increase in the first two decades because of cessation of negative aerosol forcing, before exhibiting decrease in response to any decreasing forcing by CO 2 . The rapid increase is a consequence of the short time constant characterizing the upper compartment of the climate system, here taken as 7.5 yr. A similarly short time constant has been seen in several GCM studies that examined climate system response to pulse forcings (Brasseur and Roeckner, 2005; Held et al., 2010; Hansen et al., 2011) and was found as well (Geoffroy et al., 2013) in examination of the responses of 16 models that carried out the abrupt quadrupling of CO 2 experiment in the Coupled Model Intercomparison Project (CMIP5), and in examination with Earth models of intermediate complexity of response of GMST to abrupt changes in forcing (e.g., Solomon et al., 2010) .
Again, within the range of uncertainty in present aerosol forcing and climate sensitivity, the magnitude of the change in GMST, here the maximum increase that would result from cessation of aerosol forcing, accounting for both the unrealized increase in GMST prior to cessation and the effect of cessation of aerosol forcing, varies strongly, from 0.1 K to 1.3 K, Figure 5b . If the magnitude of present negative aerosol forcing is toward the low end of the current uncertainty range, GMST would initially exhibit a negligible increase and would decrease thereafter. In contrast, if present aerosol forcing is at or near the current high estimate, then GMST would increase on a time scale of one or two decades by as much as 1.3 K, with the increase decaying only slowly over the next several decades. These findings are stark, namely that within present uncertainties, the change in GMST within a few decades following an abrupt zeroing of anthropogenic sources of CO 2 and aerosols must be viewed as uncertain even in sign.
The consequence of zeroing sources of aerosols or of aerosols together with CO 2 has been examined in a few prior studies, with qualitatively similar indication of an increase in GMST but with quantitatively differing results. To some extent these differences are due to differing assumptions regarding forcing subsequent to cessation of emissions. Brasseur and Roeckner (2005) found for their model that cessation of sources of sulfate aerosol (while holding atmospheric greenhouse gases constant) resulted in an increase of GMST by 0.8 K within the first 5 years following cessation of emissions and 1 K by 100 years. The magnitude of this increase was attributed to the rather high aerosol forcing in their model, about 1.3 W m -2 . For a scenario in which sources of CO 2 and aerosols were abruptly zeroed Knutti and Plattner (2012) found an increase of GMST of about 0.5 K on a time scale of 2 decades, subsequent to which temperature gradually increased. Hare and Meinshausen (2006) examined several scenarios in which sources of both CO 2 and aerosols were abruptly zeroed, in all of which zeroing of the negative aerosol forcing led to an abrupt increase in GMST, peaking within a decade or so and then decreasing in response to decreased forcing by CO 2 . The early peaking and relatively rapid rate of decrease of GMST found in that study seems to be due to the rapid removal rate of CO 2 in that model compared to other studies, Figure 3 . In a study most similar to the present one Armour and Roe (2011) abruptly zeroed sources of CO 2 and aerosols for a range of possible aerosol forcing, taking cognizance of the coupling between aerosol forcing and climate sensitivity, finding the increase in GMST in response to cessation of emissions ranging from minimal to about 0.9 K. The results of these several studies as well as of the present study thus run counter to the commonly held perception (e.g., Collins et al., 2013, FAQ 12. 3) that setting all anthropogenic emissions to zero would lead to a near stabilization of the climate for multiple centuries.
A recent study (Mauritsen and Pincus, 2017) , based mainly on estimates of Earth's energy imbalance from measured change in ocean heat content together with observed increase in GMST, reported the 5-95% range of unrealized increase of global temperature between the present and long-time steady state as 0.2-1.2 K, depending on ECS, compared to the infinitetime values found here and shown in Figure 5a , 0.2-0.65 K. The difference at high-sensitivity would seem to be due in part to the greater value of the upper bound to ECS reported by those investigators (4.4 K) versus here (3.2 K). More importantly, however, as the steadystate increase in GMST would be attained only thousands of years after cessation of emissions (Hansen et al., 2011; Schwartz, 2012a) , the much more relevant quantity from a practical perspective would seem to be the unrealized temperature increase relative to the quasi steady state, which was found here be much lower, 0.04 to 0.1 K (Table 1) . Also examined by Mauritsen and Pincus was the long-time increase in GMST that would result from abrupt cessation of aerosol forcing, other forcings held constant, for which the reported range, relative to time of cessation, was 0.3-3.3 K, much greater than that for T inst,aer reported here 0.02-1.0 K and greater even than the range calculated by Eq (1) using the AR5 values of S eq , 0.04-2.3 K. The large increase reported by Mauritsen and Pincus for high sensitivity would seem to be a consequence of the large unrealized temperature increase they found for constant forcing, added to the product of high climate sensitivity and large aerosol forcing. On account of the positive correlation between aerosol forcing magnitude and climate sensitivity provided by the observed increase in GMST and shown in Figure 2b , such a pairing of values and the resulting large equilibrium temperature increase resulting from cessation of aerosol forcing would seem implausible. In estimating the time-dependent response of GMST to cessation of emissions, Mauritsen and Pincus assumed an approximate cancellation of unrealized increase in temperature by a decrease in temperature resulting from diminished forcing by CO 2 as excess CO 2 decreases. Although the sense of such a cancellation is correct, the time-dependent response (Figure 5b ) is considerably more differentiated, depending both on the adjustment time of excess CO 2 and the climate sensitivity.
Although the present study focused on the consequences of abrupt cessation of emissions, the results must be seen as lending substance to the broader concern (Hansen et al., 1990; Andreae et al., 2005; Armour and Roe, 2011) that as a consequence of the vastly different atmospheric residence times of CO 2 and combustion related aerosols, any future reduction of emissions associated with fossil fuel combustion would result in an increase in GMST rather than the expected decrease. In view of the current increase in GMST of 1.08 K above preindustrial (Morice et al., 2012, as extended) , a value of T max at or near the high end of the range found in the present calculations would result in an increase of GMST greater than 2˚C above preindustrial, a consequence solely of emissions and resulting change in atmospheric composition prior to the date of cessation, here taken as 2011.
By extension, the increase in GMST in response to abrupt cessation of emissions calculated here may be viewed, for any value of aerosol forcing at the time of cessation, as a lower bound to the increase that would be experienced if emissions were reduced to zero at some point in the future, given the continued build up of atmospheric CO 2 between the present time and such future time at which emissions were ultimately zeroed. The present results also imply that quantities such as the amount of additional CO 2 that can be added to the atmosphere before committing the planet to a given increase in GMST above preindustrial are highly dependent on climate sensitivity and present aerosol forcing.
Summary and Conclusion
This study has examined the change in GMST that would result from an abrupt cessation of anthropogenic sources of atmospheric CO 2 and/or aerosols. Such a hypothetical abrupt cessation of emissions is considered limiting case for the increase in global temperature that would result from any more gradual but practically achievable strategy to halt the increase in global temperature. Determining response of global temperature to such a cessation requires knowledge of the climate sensitivity and of the forcing subsequent to cessation. Both quantities are quite uncertain, but a tight constraint between the two quantities is provided by the observed change in global temperature over the instrumental record. The principal source of uncertainty in forcing subsequent to cessation is the uncertain magnitude in present negative forcing by aerosols, cessation of which would result in an abrupt positive forcing of unknown magnitude. The observational constraint between forcing and climate sensitivity gives rise to a positive correlation between the magnitude of aerosol forcing and sensitivity that results in an even greater uncertainty in the change in GMST that would ensue subsequent to cessation.
Here a method was introduced to constrain the relation between aerosol forcing and climate sensitivity, based on the assumption that the increase in GMST over the Anthropocene Because of the uncertainty in this aerosol forcing this instantaneous increase in GMST, and other results of this analysis, were presented as functions of the unknown aerosol forcing.
Examination of the time-dependent response of GMST to the forcing showed that the initial estimate is quite a good approximation to the maximum in the time-dependent increase in GMST, which would occur within two to three decades of the cessation of emissions. The rate at which GMST would decrease after the maximum is reached depends on the highly uncertainty rate at which excess atmospheric CO 2 would decrease in the absence of sources.
Although the present uncertainty in aerosol forcing and climate sensitivity limits the ability to state with confidence the course of GMST subsequent to a hypothetical cessation of emissions, the results presented here provide a template that readily allows calculation of such temperature change as estimates of sensitivity and aerosol forcing become more narrowly refined in the future. More broadly the results and calculational framework presented here provide a ready means of estimating, again within the uncertainty of climate sensitivity, the change in GMST that would result from any prospective future change in forcing. The present results also establish once again that despite the ability to reproduce historical GMST, within present uncertainties in forcing, with a wide range of climate sensitivity, the change in GMST that would result from prospective changes in emissions is strongly dependent on that sensitivity.
Appendix A. Equilibrium climate sensitivity, transient climate sensitivity, and transient climate response: Definitions and relations
Several measures of climate sensitivity are commonly employed to characterize the response of GMST to sustained forcing or to continuously increasing forcing pertinent either to calculations with climate models or to drawing inferences about Earth's actual climate system. The several measures of climate response are also each expressed either in units that are referred specifically to a doubling of atmospheric CO 2 mixing ratio or in systematic units.
This section briefly defines these and relates them to each other. Attention is called also to the definition of these quantities in the Glossary of AR5 (Planton, 2013) and to discussions by Gregory and Forster (2008) and Held et al. (2010) .
The most common measure of climate sensitivity is the so-called equilibrium climate sensitivity, ECS, the steady state increase in GMST that would result from a sustained doubling of atmospheric CO 2 after all transient heat flows have ceased, importantly including heat flow from the upper compartment, consisting of the atmosphere and upper ocean, to the deep ocean. In this situation the change in absorbed shortwave radiative flux is balanced entirely by the change in outgoing longwave radiative flux at the top of the atmosphere. It should be noted that use of the term "equilibrium" is inappropriate, as even under those conditions the system is not at all one of dynamic equilibrium, which requires equal and opposite fluxes on all paths, a condition not met in the climate system that is characterized by shortwave radiation in and longwave radiation out; however the term is almost universally used. More substantively, as achieving the new steady state including the deep ocean would take thousands of years, the quantity is impractical both in determination and application.
AR5 also defines what it denotes "climate sensitivity parameter", with unit K/(W m -2 ) that denotes the steady-state climate system response to a sustained forcing of 1 W m -2 ; within the assumption of a linear response, this equilibrium sensitivity parameter is a response per forcing. This equilibrium climate sensitivity parameter, denoted here S eq differs from ECS by the forcing associated with a doubling of CO 2 , F 2 , confidently thought to be about 3 to 4 W m -2 , and commonly taken (Myhre et al., 1998) as 3.7 W m -2 ,
Denoting the radiative response coefficient of the climate system  (see text), then under the true steady-state condition,
from which the identification is made of the equilibrium climate sensitivity parameter with the inverse of the radiative response coefficient,
An important analog to ECS or S eq pertinent to a two compartment model (see text) is the quasi steady-state response to a sustained forcing in which the upper, short-time-constant compartment reaches a quasi steady state, with the absorbed shortwave flux balanced by the sum of longwave radiative flux out of the top of the atmosphere and heat transfer to the deep ocean. In the time regime that is long compared to the short time constant but short compared to the long time constant the return path from the long-time-constant compartment is small.
For the quasi steady-state situation, denoting the heat transfer coefficient , the change in temperature of the upper compartment is given by
where the second equality defines what is denoted here as the transient climate sensitivity parameter, S tr , and allows the identification © 2018 American Geophysical Union. All rights reserved.
The transient sensitivity parameter is related to the equilibrium sensitivity parameter as
The heat transfer coefficient  may be estimated from of the measured energy imbalance of the climate system N, which, under the quasi steady state condition is nearly equal to the heat flow into the lower compartment (the upper compartment having relatively low heat capacity and slowly increasing temperature) allows estimation of  as
For the measured energy imbalance of the climate system in 2011 given by AR5 (Rhein et al., 2013, Box In general for a system for which the forcing is increasing with time, because of the time lag of the climate system response, T will lag the increase in temperature that would obtain if the climate response were instantaneous (instantaneous response). For the upper compartment, pertinent to global surface temperature, the instantaneous response is given by the product of the transient sensitivity parameter and the forcing, This instantaneous temperature increase exceeds the increase in GMST T(t) that would be realized at time t by an unrealized increase T u (t):
T U,inst (t)  T (t) T u (t).
(A.11) Specifically, the instantaneous temperature increase leads the expected realized increase by the short time constant of the climate system,  s (Schwartz, 2012a) , and hence the amount by which the instantaneous temperature exceeds the realized increase is given as: The several expressions developed here are used to infer the corrected S tr from the uncorrected S tr,u obtained by the scale matching approach of Figure 1 and to infer S eq from S tr necessary for application of Equation 6. Table 2 . Model calculations examining mixing ratio of atmospheric CO 2 following abrupt cessation of emissions, for which fractional decay profiles are shown in Figure 3 .
